This study evaluated hemato-histological changes of black porgy in recirculating aquaculture systems (RAS) with three different ozone doses (no ozone, 20 g, and 40 g ozone/kg feed day
Background
Marine finfish aquaculture in South Korea is mostly practiced in land-based flow-through or cage system that is operated in open environments. In this country, water temperatures suitable for marine aquaculture species are maintained for only 5-6 months (Park et al. 2008) . During the winter months, productivity of marine aquaculture in Korea largely decreases due to frequent mortalities with low water temperatures. A high heating cost is often required to reduce the mortality and keep normal growth in such a flow-through system (Park et al. 2007 ). The contamination of coastal areas where most marine aquaculture operations are located has resulted in chronic disease outbreaks in open culture systems. These obstacles have reduced the efficiency of marine aquaculture in South Korea for the last decade. Thus, the demand for energy-efficient and biologically secure aquaculture systems is currently increasing for sustainable marine aquaculture production in South Korea.
Recirculating aquaculture systems (RAS) are known to be efficient in thermal control allowing for extended optimal culture period year-round in freshwater aquaculture, having shown potential for marine aquaculture. However, their use on a commercial scale has been limited, since the RAS requires a high start-up investment due to the necessity of water treatment equipment. Ozone has been recognized as an effective tool to control pathogens, solids, and other water quality parameters in aquaculture systems due to its strong oxidation power. Ozone has a high potential as a multi-purpose water treatment means besides disinfection, possibly reducing sizes of water treatment equipment for such solids removal and nitrification. Especially, ozone treatment has been used in intensive land-based systems such as recirculating aquaculture systems (Summerfelt 2003) . In freshwater aquaculture systems, however, ozonation can result in serious gill damage and mortality at an ozone concentration of 0.008-0.06 mg/L (Bullock et al. 1997) . Various lethal concentrations of residual ozone have been reported in a range of 0.01-0.1 mg/L for different freshwater and saltwater species in other studies (Goncalves and Gagnon 2011) . In marine aquaculture systems, ozone reacts with naturally occurring bromine and produces residual oxidants that are relatively stable in water and highly toxic to aquatic animals (Hofmann 2000) . Cooper (2002) indicated that ozone toxicity closely corresponded to total residual oxidants (TRO) rather than residual ozone itself in toxicity tests with various marine microalgae, invertebrates, and vertebrates. Ozone toxicity in seawater is mostly referred to as a function of total residual oxidants rather than as ozone itself (Crecelius 1979; Jones et al. 2006) .
The black porgy is a historically important aquaculture resource in South Korea with a domestic production of 928 MT in 2014, exclusively produced from sea cages (Min et al. 2006; KOSIS 2015) . Its feed conversion ratios range from 2.1 to 3.4 during warm water temperatures and 8 to 16 during cool water temperatures (KOSIS 2015) in sea cages. Chronic mortalities due to low water temperatures and coastal contamination have been problematic in reducing productivity. Thus, the main objectives of this study were to evaluate the effects of ozone on blood chemistry and histology of black porgy reared in the RAS. (Fig. 1) . Filtered natural seawater was added to each system. Eighty fish (average weight of 334.5 ± 29.2 g) were stocked in each tank (total 320 fish in a system). Daily feeding rate was set at 1% of total body weight. Commercial extruded feed (50% crude protein, 10% crude lipid, 10% crude ash, moisture 4.5%, Woosung, Daejeon, South Korea) was offered three times a day at 9:00, 13:00, and 18:00. The same amount of feed was fed to the fish in each system for the entire study period. The water temperature was maintained at 23°C using electric heaters and the average salinity was 33.6 ppt. Solids were removed twice daily from each system by draining the solids settler. Water volume turnover rate of the system was about 36 times a day. Approximately, 10% of the system water was replaced daily to compensate for losses from solids removal and evaporation. The experiment was performed for 44 days during the winter months.
Methods

Experimental systems and fish
Ozone was generated (corona discharged method, Model LAB-I, Ozonetech Inc., Daejeon, South Korea) with pure oxygen gas and was injected through a Venturi pipe into the by-pass line between the centrifugal pump and foam fractionator. The by-pass was extended to 15 m length, and contact time was set at 4 min. The treated water with ozone in the by-pass line returned to the sump before the centrifugal pump to prevent direct contact between the fish and the ozonated water. The control system (CS) was not ozonated, while the two treatment systems were ozonated at rates of 20 g (T20) and 40 g ozone/kg feed day −1 (T40), respectively.
Water quality and growth measurements
Water temperature, dissolved oxygen, pH, and salinity were measured once daily (model 556MPS Yellow Springs Instruments Inc., OH, USA). Total ammonia-N (TAN), nitrite-N (NO 2 -N), nitrate-N (NO 3 -N), total residual oxidants (TRO), and total suspended solids (TSS) were analyzed twice a week following initial setup, then once weekly thereafter. TAN, NO 2 -N, NO 3 -N, and TRO were analyzed according to the indophenol, azo-dye method, cadmium reduction, and the n,n-diethyl-p-phenylene diamine (DPD) methods, respectively (APHA 1995) using a spectrophotometer (DR/4000, Hach Co., Loveland, CO, USA). TRO concentrations were expressed as chlorine equivalents. Total suspended solid (TSS) concentrations were quantified by the filtering and weight method (APHA 1995) . After 44 days, feed conversion ratio (FCR), specific growth rate (SGR), and survival rate (SR) were calculated using the following equations. 
where W f is finial individual weight (g), and W i is initial individual weight (g).
Blood chemistry and histological examination
Blood samples were randomly taken from 12 fish as a standard before stocking and 12 fish in each system (3 fish in each tank, a total of 12 fish from each system) at the end of the culture period to evaluate hematological and histological changes of the black porgy in the control and two different ozonation treatments. Hematocrit was measured with whole blood using micro-hematocrit tubes (9 uL volume) and a portable centrifuge (Ames Microspin, Bayer AG, Germany). The serum was separated by leaving the blood samples in the air for 30 min and centrifuging for 10 min at 3000 rpm. Cortisol was analyzed with Amerlex Cortisol RIA Kit (Kodak Clinical Diagnostic Ltd. Amersham, UK) and gamma counter (Wizard 1470, Wallac Co., USA). Glucose, protein, total cholesterol, triglycerol, aspartate transaminase (AST), and alanine transaminase (ALT) were measured with an automatic blood analyzer (Kodak Ektachem DT II System, USA). Hematological data measured for each parameter were pooled for statistical analyses. Tissue samples of gills and livers were carefully removed from five fish in each group at the end of experiment. The tissues were immediately fixed in Bouin's solution as a histological fixative for 24 h and were embedded in paraffin wax after the process of dehydration with ethanol and cleaning with xylene. The tissues prepared were then sectioned at a thickness of 4-6 um using a rotary microtome (RM 2125, Leica Microsystems GmbH, Frankfurt, Germany). The specimens were then stained with Mayer's hematoxylin for 4 min (nuclei staining) followed by 0.5% eosin for 1 min (chromatin staining). Also, in order to examine the species and distribution of mucus cells in the tissues, the Alcian blue/ periodic acid-Schiff (AB-PAS) method was used. The prepared specimens were first stained with Alcian-blue for 5 min and then oxidized with 0.5% periodic acid for 5 min followed by treatment of the Schiff reagent and Mayer's hematoxylin. The stained specimens were photographically examined using a light microscope (BX50F-3, Olympus Optical CO. LTD., Tokyo, Japan).
Statistical analysis
One-way analysis of variance (ANOVA) was used to determine the effects of ozonation on growth and hematological parameters; normality was satisfied by the Shapiro-Wilk test. Data given as a ratio such as survival were arc-sin transformed (Rowland et al. 2006) . Analysis of covariance (ANCOVA) was performed to identify differences among treatments for water quality parameters. Duncan's post hoc test was utilized to compare means with equal variances, and the Games-Howell post hoc test was used to compare means with unequal variances (Golomazou et al. 2006; Ramirez et al. 2015) . Data that did not satisfy the normality assumption were analyzed with Kruskal-Wallis non-parametric test followed by pairwise multiple comparison procedure. Differences were considered significant at P < 0.05. Data were analyzed using SPSS 12 (SPSS Inc., Chicago, IL, USA).
Results
Fish growth and water quality
During the 44-day experiment, overall growth rates of black porgy were relatively low in both the control and treatment systems. There were no differences in growth parameters and survival among groups, indicating no adverse effects of ozonation on the growth performance during the period. Water quality parameters such as TAN, NO 2 − -N, NO 3 -N, and TSS were maintained in acceptable ranges in control and treatment systems over the period (P < 0.05). TAN concentration was lowest in T20, while CS and T40 did not differ. NO 2 − -N and TSS concentrations were highest at the control system (P < 0.05, Table 1 ). There was no difference between control and treatment systems for NO 3 − -N concentrations (P < 0.05). TSS concentrations in T20 and T40 were significantly lower than that in CS. TRO concentration in T40 with the higher ozone dose was higher than T20 (P < 0.05, Table 2 ).
Hematological and histological changes
Hematocrit and AST levels were not significantly different among the control and treatment systems and from the initial level (P > 0.05). Glucose and ATL levels significantly increased compared to the initial level (P > 0.05), but there were no differences between the control and treatment systems (P < 0.05). Black porgy in both control and treatment systems displayed a significant increase in cortisol compared to its initial level (P < 0.05), but there were no differences between control and treatments (P > 0.05, Table 3 ). Figure 2a shows normal tissues within the gill filaments and lamellae of control fish at the end of experiment. In the lower ozone treatment system (T20), the onset of edema was observed in a wide range of epithelia gill cells, resulting in hypertrophy and clubbing of gill lamellae (Fig. 2b) . In the higher ozone dose (T40), more extensive lesions were seen including hypertrophy and hyperplasia in some organs and fusion of gill lamellae (Fig. 2c) . In some individuals, fusion of gill lamellae was aggravated, engendering epithermal cell lifting and necrosis of gill lamellae (Fig 2d) .
Histological alterations were not observed on livers of black porgy in the control system (Fig. 3a) , while the fish in the lower ozone dose (T20) displayed a positive reaction to Alcian blue staining in bile ductules, indicating swelling hepatic cells and degeneration of zymogen granules (Fig. 3b, c) . Degeneration of gallbladders and abnormal pancreases were often observed in the fish at the higher ozone treatment (T40, Fig. 3d ).
Discussion
Fish in both the control and treatment systems had limited growth during the 44 day experiment. Factors contributing to the slow growth could include the fact that fish were close to market size. Also, nutritional requirements and optimal stocking densities for black porgy have not been well established yet. Black porgy in ozonated systems displayed no behavior changes and reduction in growth and survival compared to fish in the control system, although hematological and histological alterations were observed in both the treatment systems.
In the higher ozone dose (40 g ozone/kg feed day −1 ), signs of cellular damage in black porgy were apparent in gills and livers. According to Cooper (2002) , microalgae, crabs, and lobster exhibited a high percentage of mortality (50-100%) at 0.14-1.0 mg/L of TRO. In flowthrough tests, striped bass displayed a 96-h LC 50 of 0.06-0.2 mg/L for different life stages, while perch had a higher tolerance to TRO than striped bass; a 96-h LC 50 of 0.2-0.38 mg/L. Richardson et al. (1983) reported a 96-h LC 30 of 0.2 mg/L for adult white perch (Morone americana). Schroeder et al. (2010) found that Pacific white shrimp (Litopenaeus vannamei) were likely less sensitive to TRO compared to fish species; a 96-h LC 50 of 0.5 mg/L and a no-observed effect concentration of 0.06 mg/L. Chinese white shrimp (Penaeus chinensis) survived for 48 h when exposed to a TRO concentration of 1 mg/L, while olive flounder (Paralichthys olivaceus) lived only 3 h at that concentration (Jiang et al. 2001) . Collectively, TRO seem to exhibit very severe toxicity in a range of 0.1-1.0 mg/L to most saltwater species, resulting in mass mortality within 48-96 h.
In the present study, unlike results of previous studies, black porgy did not show significant mortality and growth reduction for 44 days at TRO concentrations of 0.12 mg/L (T20) and 0.25 mg/L (T40), which are within reported acute toxic levels for other saltwater or marine species. Similar to our study, juvenile turbot exposed to different TRO concentrations (0.06, 0.10, and 0.15 mg/ L) in recirculating systems showed high survival rates and no growth reduction for 21 days when compared to fish in unozonated systems; however, they reported minor gill damage and impaired blood chemistry at 0.10 and 0.15 mg/L (Reiser et al. 2010) . These values are slightly lower than the values observed in our study but virtually acute concentrations that can manifest mass mortality in very short time to most of saltwater species.
When white perch and rainbow trout were exposed to oxidants such as chlorine, ozone, and residual oxidants, short-term increased levels of hematocrit, hemoglobin, and red blood cells are often reported (Bass and Heath 1977; Block et al. 1978; Richardson et al. 1983) . When the concentration of total residual oxidants increased and approached lethal levels (0.039 mg TRO/L), olive flounder Paralichthys olivaceus also showed increased hematocrit, hemoglobin, red blood cells, glucose, and osmolality (Kim et al. 1999 ). However, Reiser et al. (2010) reported that levels of hematocrit, hemoglobin, and cortisol of juvenile turbot reared in recirculating systems were leveled off and returned to normal after spiking for the first several days at a TRO range of 0.06-0.15 mg/L. Good et al. (2011) also reported no significant effect of ozone on hematocrit, hemoglobin, and most blood chemistry parameters of rainbow trout reared in ozonated recirculating systems at an oxidation/reduction potential (ORP) set-point of 250 mV for 350 culture days. In these studies, alterations were observed in gills and livers in ozonated systems. However, authors concluded that the alterations were mostly subclinical and did not appear to affect fish health under the given culture conditions. In the present study, the results of the blood parameters and histological examination of gills and livers agreed with previous studies (Reiser et al. 2010; Good et al. 2011) . Ozone toxicity can vary depending on species and life stage (Summerfelt 2003) . Usually, aquatic organisms at early life stages tend to be more susceptible to TRO toxicity. The fish used in our study were approaching marketable size (average weight of 334.5 g) and could show a higher tolerance to toxic materials. The black porgy has a wide range of salinity tolerance and can grow in freshwater in an extended period with high survival and growth rates (Min et al. 2003; Min et al. 2006 ). This adaptive ability of the fish could contribute to the higher tolerance to the TRO concentration over a prolonged period.
Most previous studies of ozone toxicity were conducted in batch or flow-through tanks with zero or low ) after 44 days of culture. a Control (CS). Note the gill filament (Gf), gill lamellae (Gl). b T20 group. Hematoxylin and eosin (H&E) section showing the extensive edema of epithelial cells and hypertrophy and clubbed type of gill lamellae. c T20 and T40 groups. Note the hypertrophy, hyperplasia, and fusion of gill lamellae. d T40 group. H&E section showing the epithelial cell lifting (arrow) and the necrosis of gill lamellae loads of organic and nitrogen compounds in the water. The results from these studies tend to indicate relatively high toxicity to aquatic animals at lower TRO concentrations. Studies conducted in intensive culture systems with high organic loads suggest relatively high tolerance of aquatic animals to TRO and/or ozone levels (Reiser et al. 2010; Good et al. 2011) , corresponding to the results of the present study. The effect of ozonation on water chemistry in saltwater is complex, and other water quality parameters could affect the formation of bromide (Hofmann 2000) . Once ozonation is applied in saltwater, bromide will first be oxidized to free bromine (HOBr/ OBr − ), but also can exist in other forms such as BrO 2 − and BrO 3 − (Song 1996) . When ammonia nitrogen is present, free bromine will react with ammonia nitrogen, forming ammoniacal bromines and some other resultant compounds such as NH 2 Br 2 , NHBr 2 , NBr 3 , Br 2 , and Br 3 − (Galal-Gorchev and Morris 1965; Johnson and Overby 1971) . Among these various forms of oxidants resulting from ozonation, such as HOBr and OBr − , are the most toxic to aquatic organisms. Common colorimetric and spectrometric methods measure a total yield of bromide (Hofmann 2000) . The mole fraction of these oxidants changes with pH, nitrogen:bromine ratio, and other water quality parameters (Johnson and Overby 1971; Song 1996) . Thus, ozonation in saltwater could manifest different toxicities at the same TRO concentration depending on other water quality conditions. Furthermore, the analysis methods could be insensitive and/or inaccurate due to impurities such as humic/fuvic substances in water (Pinkernell et al. 2000) . In the study by Neal et al. (2007) , bromide concentrations measured with colorimetry were higher than those with ion chromatography (IC) for rainfall, cloud water, and river water, since the colorimetry could responds to bromate, which is less toxic than the other residual oxidants. In our study, the experimental systems were not equipped with intensive solids removal devices such as drum, bead, and/or sand filters. Ozonation was applied to primarily control suspended and fine solids, minimizing intensive equipment for solids removal, which results in heavy investments. Average concentrations of dissolved organic carbon were 11.2 mg/L (T20) and 12.1 mg/L (T40) (Park et al. 2011) . Water colors were improved in ozonated systems over the experimental period, but culture water was still stained a yellow color, showing average true color of 10.1 unit Pt-Co (T20) and 8.6 unit Pt-Co (T40) (Park et al. 2013) . Dissolved organic carbon such as humic and fulvic substances that result in water color likely interfered in colorimetry (Neal et al. 2007) . It is known that color can interfere in chemical analysis of water quality (APHA 1995) . In other studies, highly overestimated values of bromate were reported with spectrophotometric methods due to the presence of humic substances (Mitrakas et al. 2000; Mitrakas 2007 ). The interference of color due to humic substances has often been reported in colorimetric analyses for chloride, fluoride, nitrite, nitrate, phosphate, and sulfate (Menke 1962) . Further studies are needed to investigate the effect of humic/fulvic substances on the measurement of residual oxidants to quantify the toxicity of residual oxidants in aquaculture systems with heavy color substances and/or dissolved organic loads.
Conclusions
In summary, although the ozone doses did not manifest a serious adverse effect on growth and hematological observations in this short-term study, an ozone dose should not exceed 20 g ozone/kg feed day −1 in black porgy based on the histological result. In order to use ozone as a means of solids control in seawater RASs, further studies will be needed to evaluate a long-term effect of TRO. 
